The effects of carbon content, rolling condition and cooling rate on the mechanical properties were examined for development of non heat-treated steels of 80-100 kg f/mm2 tensile strength grade.
I. Introduction
The quench-tempering treatment was the conventional process to produce high-strength steel bolts. For saving the cost, omission of the heat treatment has progressed for the bolts of tensile strength grade under 80 kgf/mm2. For the extensive applications of non heat-treated type of bolts, the as-rolled wire rods must be provided with both high strength and high ductility.
In the production of steel plates, the mechanical properties of products have been improved by microalloying such as Nb, Ti., V, and B combined with controlled rolling and controlled cooling after hot rolling."2~ However, improvements of the mechanical properties of steel wire rods have not been attempted extensively by applying controlled rolling and cooling.3,4~ The present authors investigated the effects of carbon content, rolling condition and cooling rate on the mechanical properties in C-Mn and high strength low alloy steels to obtain fundamental data for development of as-rolled steel wire rods with a tensile strength of 80'-' 100 kgf/mm2 and with high ductility such as a reduction of area above 50%.
The purpose of investigating the effect of carbon content was to establish the maximum content of carbon, as an economical strengthening element, without significant deterioration of ductility.
II. Experimental Procedures
The chemical compositions of the steels used are shown in Table 1 . Carbon and manganese steels C 1 to C4 were used to study on the effects of carbon and manganese contents on the mechanical properties. Microalloyed C-Mn-Ti-B-Nb steels H 1 to H3 were used to study the effects of carbon contents and rolling conditions on the mechanical properties; Hi, H2, and H3 represent the nominal content of carbon, 0.1, 0.2, and 0.3 %, respectively.
Ingots of 90 kg were prepared by vacuum induction melting, hot-forged to 50 mm-thick slabs, and cut into smaller samples. After reheating at 1 150°C for 30 min, the samples were rolled in two passes : the first 50 % reduction at 1 000°C, and the second 50 % reduction to a finished thickness of 12.5 mm at 970 or 900°C; the rolling condition will be distinguished in terms of the finishing temperature, HT for 970°C and CR for 900°C, hereafter. Besides these conditions, some samples were reheated at 950°C to prevent austenite grain coarsening and rolled in succession at 950 and 900°C both with 50 % reduction; the conditions to be referred as LT.
The rolled materials were cooled rapidly with a water spray device installed at the exit of a laboratory rolling mill; the cooling rate was controlled in the range between 5 and 15°C/s by adjusting the water pressure and nozzle diameter. The cooling rate of 5 to 15°C/s coincides the cooling rate of the Stelmor 
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Tensile test specimens with a diameter of 7 mm and standard Charpy V-notch impact specimens were taken from the mid-thickness of plates with the longitudinal direction parallel to the rolling direction.
Metallographic specimens were etched in 3 % nital to observe the microstructures, and the prior austenite grain boundaries were revealed by etching in a saturated solution of picric acid. Optical microscopic observations were made on the transverse section of specimens. The mean grain size was determined by comparison with the JIS austenite grain size. Figure 1 shows the relationship between tensile strength and reduction of area in C-Mn steels processed by the various conditions of rolling and cooling rate. The reduction of area decreases monotonously with the increase in tensile strength, and is independent of carbon content at a certain tensile strength. Steels Cl(0.1 %C-l.8%Mn) and C2(0.2%C-1.3%Mn) have a tensile strength between 60 and 75 kgf/mm2, a reduction of area above 50 %, and ferrite-pearlite microstructures. A tensile strength higher than 80 kgf/mm2 is obtained in C3 (0.2%C-1.8%Mn) steel with higher hardenability, and C4 (0.3%C-1.3%Mn) steel containing relatively more carbon, but the reduction of area of these two steels is lower than 40 %.
III. Experimental Results and Discussion

C-Mn Steels
Charpy impact value (CIV) also decreases with increase in tensile strength : it was as low as 3 kgfm/cm2 at a tensile strength about 80 kgf/mm2. Figure 2 represents the microstructures in C-Mn steels with a tensile strength over 80 kgf/mm2: (a) for 0.2%C-1.8%Mn steel (TS=86 kgf/mm2), and (b) for 0.3%C-1.3%Mn steel (TS =83 kgf/mm2). Both steels were processed with the HT condition, followed by spray water cooling at a rate of about 10°C/s. A coarse bainite structure in (a) and a ferrite-pearlite structure including bainite in (b) are observed. The microstructures in C3 and C4 steels with strength less than 80 kgf/mm2 were ferritepearlite. The austenite grain size number is estimated to be about 7.0 after rolling of both steels.
It seems difficult to obtain a strength higher than 80 kgf/mm2 in C-Mn steels with ferrite-pearlite structure whose ductility is relatively high, if the C content is in the range 0.1 ~0.3 %. Although the presence of bainite contributes to strengthening of steels, which accompanies the deterioration of ductility of those steels. Therefore a good combination of high strength and high ductility can not be expected in C-Mn steels. It has been known that the increase of carbon content above 0.3 % results in the loss of ductility in plain carbon steels.4~ Thus, further addition of carbon above 0.3 % in the present C-Mn steels seems to be not desirable.
2. C-Mn-Ti-Nb Steels 1. Effects of Carbon Content on the Mechanical Properties Relationship between tensile strength and reduction of area in C-Mn-Ti-B-Nb steels prepared under the various rolling and cooling conditions is shown in Fig. 3 .
The relationship is affected by the carbon content. In H2 and H3 steels the reduction of area decreases with increasing tensile strength. The strength range is 60 N 121 kgf/mm2 in H2 steel, with a reduction of area of 50 % at 82 kgf/mm2, while it is 65 N 146 kgf/ mm2 in H3 steel, with a reduction of area of 37 % at 87 kgf/mm2. In the strength range above 80 kgf/mm2, addition of carbon above 0.2 % resulted in a decrease of the reduction of area below 50 %.
Steel H1 containing 0.1 % C is different in its mechanical properties from H2 and H3 steels. The strength range of H 1 steel is 68 110 kgf/mm2 with a tensile strength of 80 kgf/mm2 at the 67 % reduction of area, which is higher than those of H2 and H3 steels. Increase of tensile strength accompanies increase of reduction of area in the range of 68 80 kgf/mm2 and no substantial change in the range of 8O-110 kgf/mm2. The reduction of area in the strength range below 80 kgf/mm2 of H 1 steel is equivalent to those of H2 and H3 steels. However, the reduction of area in the strength range of 8O-1 10 kgf/mm2 of H 1 steel is higher than those of H2 and H3 steels. Figure 4 shows the relationship between tensile strength and Charpy impact value in Hl, H2 and H3 steels. The CIV of both H2 and H3 steels decreases with an increase in tensile strength to be low over 80 kgf/mm2. In Hl steel, the CIV tended to increase with tensile strength and is 12 kgf-m/ cm2 at the strength of 80 kgf/mm2.
It is found that the carbon content must be kept as .low as possible, preferably below 0.2 %, to obtain non heat-treated high strength low alloy steels with a tensile strength range of 80'--' 100 kgf/mm2 as well as high ductility. The microstructures of controlled rolled and accelerated cooled C-Mn-Ti-B-Nb steels are shown in Fig. 5: (a) for Hl cooled at a rate of 5°C/s, (b) for H2 at a cooling rate of 15°C/s, and (c) for H3 at a rate of 10°C/s. The strength level of each steel in about 80 kgf/mm2.
The microstructures of H2 and H3 steels consisted of bainite, and polygonal ferrite which formed on the grain boundaries of elongated austenite. The microstructure of H 1 steel is very refined acicular ferrite. It has been known that low carbon steels consisting of acicular ferrite have a good combination of high strength, high ductility, and high toughness.6~ It seems that this very fine structure of H 1 steel contributes to its good ductility and toughness.
Hardenability is higher in H 1 than H2 and H3 steels, because of the contents of higher manganese and lower carbon in H1 steel. Tamehiro et a1.5~ reported that lowering of the carbon content in a Nb-B steel promoted the hardening effect of B because the strain-induced precipitation of NbC in deformed austenite grains suppressed the supply of carbon which is necessary for Fe23(CB)6 precipitation.
Effects of Rolling Conditions and Cooling Rates on
the Mechanical Properties of 0.1%C-Mn-Ti-B-Nb Steel Figure 6 shows how the rolling conditions affect the strength and the reduction of area and impact value in H 1 steel. Rolling conditions do not affect the relationship between strength and reduction of area, however the impact values in CR plates were higher than the values in HT and LT plates at a strength level of 80 kgf/mm2.
The effects of rolling condition and cooling rate on the strength are shown in Fig. 7 . The strength about 80 kgf/mm2 is achieved at the cooling rate of 5°C/s in HT and 10°C/s in LT plate; the increment of strength in CR plate with increasing cooling rate in this range is smaller. The CR plate of 80 kgf/mm2 strength is obtained at a cooling rate between 5 and 10°C/s. Figure 8 indicates the microstructures of CR., HT and LT plates cooled at the rate of 10, 5 and 10°C/s, respectively. The strength of each steel is around 80 kgf/mm2. The microstructure of CR plate consists of very fine acicular ferrite which is similar to that found in the steel at a rate of 5°C/s as shown in Fig. 5 . The microstructures of HT and LT plates consist of bainite and a small quantity of polygonal i-B-Nb 80 kgf/ ISIJ, Vol. 27, 1987 (477) ferrite. The austenite grain size number is 7.5 and 8.5, respectively. Hardenability is lower in the LT plate than in the HT and CR plates, because niobium cannot be dissolved extensively in austenite due to the lower repeating temperature of LT plate. The hardenability also depends on the austenite grain. Although, in the CR plates, a number of sites for ferrite nucleation are provided by controlled rolling, higher hardenability is retained by a combined addition of Nb and B. As a result, a cooling rate of 10°C/s for LT plate and 5°C/s for HT and CR plates was required to obtain a tensile strength of 80 kgf/mm2. As shown in Fig. 6 , H 1 steel has a strength level of 100 kgf/mm2 together with high ductility. Figure 9 shows the microstructures of CR and HT plates; the strength is 111 and 103 kgf/mm2, respectively. The reduction of area was 65 % in both plates and impact value is 8.4 kgf m/cm2 in CR, and 7.3 kgf m/cm2 in HT plate.
Iv. Conclusions
The effects of carbon content, rolling condition and cooling rate on the mechanical properties in CMn and HSLA steels were examined to obtain basic data for development of steel wire rods for non heattreated bolts with the tensile strength grade of 80~ 100 kgf/mm2.
The results are summarized; (1) In the C-Mn steels, the ductility deteriorates with increasing tensile strength in the range of 60 100 kgf/mm2. A good combination of high strength, 80 100 kgf/mm2, and high ductility can not be expected.
(2) In C-Mn-Ti-B-Nb steels, addition of carbon above 0.2 % results in a decrease in ductility and toughness in the strength range above 80 kgf/mm2.
(3) Improvements of ductility and toughness in 0. 1 %C-Mn-Ti-B-Nb steel (H1 steel) are achieved by accompanying increase in strength in the cooling rate range of 5'.'15°C/s.
(4) Controlled rolling improves toughness without loss in tensile strength in H 1 steel. 
